Abstract Aquatic and semi-aquatic mammals, while resting at the water surface or ashore, breathe with a low frequency (f) by comparison to terrestrial mammals of the same body size, the difference increasing the larger the species. Among various interpretations, it was suggested that the low-f breathing is a consequence of the end-inspiratory breath-holding pattern adopted by aquatic mammals to favour buoyancy at the water surface, and evolved to be part of the genetic makeup. If this interpretation was correct it could be expected that, differently from f, the heart rate (HR, beats/min) of aquatic and semi-aquatic mammals at rest would not need to differ from that of terrestrial mammals and that their HR-f ratio would be higher than in terrestrial species. Literature data for HR (beats/min) in mammals at rest were gathered for 56 terrestrial and 27 aquatic species. In aquatic mammals the allometric curve (HR=191·M -0.18 ; M= body mass, kg) did not differ from that of terrestrial species (HR=212·M -0.22 ) and their HR-f ratio (on average 32±5) was much higher than in terrestrial species (5±1) (P<0.0001). The comparison of these HR allometric curves to those for f previously published indicated that the HR-f ratio was body size-independent in terrestrial species while it increased significantly with M in aquatic species. The similarity in HR and differences in f between aquatic and terrestrial mammals agree with the possibility that the low f of aquatic and semi-aquatic mammals may have evolved for a non-respiratory function, namely the regulation of buoyancy at the water surface [Current Zoology 61 (4): 569-577, 2015].
In mammals, resting breathing frequency (f) decreases with increasing species' body mass (M) approximately as M -0.25 (Guyton, 1947; Stahl, 1967) . A similar allometric pattern has been reported for other time-related physiological variables, including heart rate (Mortola and Lanthier, 2004) . Hence, at rest f and HR change with body size approximately in parallel, with HR about 4 times higher than f. With respect to f, aquatic species are known to deviate substantially from the general mammalian allometric pattern. Resting f of manatees, dolphins and a few species of seals varies between 1 and 7 breaths/min (Scholander and Irving, 1941; Andersen, 1966; Spencer et al., 1967; Gallivan, 1980; Andrews et al., 2000; Le Boeuf et al., 2000; Mann and Smuts, 1999) , which is much lower than the f of terrestrial species of similar M. Indeed, the allometric curve constructed from 29 species of aquatic and semi-aquatic mammals spanning several orders of magnitude in body M was M -0.42 , drastically different from that of terrestrial species (M -0.25 ; Mortola and Limoges, 2006) . The difference from terrestrial species is small or absent for smaller mammals (about 10 Kg or less), while it becomes progressively more apparent in medium-size and larger mammals. It is possible that the difference in f between aquatic and terrestrial species reflects aspects of adaptation of the control of breathing relevant to the diving and breathholding necessities of life in water (Tenney and Boggs, 1986; Bartlett, 1988) or as a response to the hydrostatic pressure (Andrews et al., 2000) . However, it is unclear why these adaptations should apply only to aquatic mammals of medium or large size. Recently, Mortola and Limoges (2006) proposed that the slower f was related to a non-respiratory function of the lungs, a consequence of the breath-holding breathing pattern characteristic of aquatic species to maintain elevated lung volume to improve buoyancy. In fact, the buoyancy of mammals in water results from a variety of factors including their body fats and blubber, the air in the lungs and the air trapped in the hairs of the skin. This latter loses relevance with increased body size, because of the decrease in surface-mass ratio. As a consequence, keeping lung volume elevated to improve buoyancy may be important for larger mammals; at the same time, the increase in mean lung volume decreases f through the Hering-Breuer reflex (Widdicombe, 1961; Milsom, 1990) . Hence, based on this interpretation the control of buoyancy, a non-respiratory function, would be responsible for the low-f breathing of aquatic mammals.
Whether or not the heart rate (HR) of aquatic species differs systematically from that of terrestrial species is not known. If optimization of the coupling between respiratory and cardiovascular gas convection required a close matching between cardiac and respiratory rates, it is conceivable that HR of aquatic species may deviate from that of terrestrial species approximately in the same way as f does, maintaining the typical HR-f ratio of ~4. Alternatively, if the low-f breathing pattern evolved for a non-respiratory function such as the control of buoyancy, HR of aquatic species may be similar to that of terrestrial mammals of similar size; in which case, the resting HR-f ratios of aquatic species may reach unusually high values. The aim of the present study, therefore, was to use published data to construct the allometric curves of HR for aquatic and terrestrial mammals and compare them to the corresponding curves of f.
Materials and Methods
All HR values, for both terrestrial and aquatic species, were gathered from the literature (Tables 1 and 2 ). Most data included in the analysis were collected on conscious animals in resting conditions; those data collected on animals under sedation are indicated in the Tables. Owing to the scope of the study, preference was given to HR data collected in medium-size and larger species because differences in f between terrestrial and aquatic mammals begin to be apparent at M > 5-10 kg (Mortola and Limoges, 2006) . Data were excluded if they originated from animals under anaesthesia, in hibernation or torpor; in addition, Monotremes and Marsupials were excluded because of their characteristically low body temperature and metabolic rate (Dawson, 1989; Brice, 2009) . In case of multiple values or ranges of values, means were calculated. When there was more than one source of data for a particular species, averages were obtained. Body mass (M), if not reported, was obtained from standard bibliographic references for that sex and age (e.g., Silva and Downing, 1995) .
Values are presented as means ± 1 SEM. Exponents Johnston et al., 1980; MacArthur et al., 1979 MacArthur et al., , 1982 Harlow et al., 1987; Weisenberger et al., 1996. Camel (Camelus) a * 545 49 Rezakhani and Szabuniewicz, 1977. Cattle Bos taurus * 520 59 Ishikawa et al., 1990; Merck, 2012 . Syrian hamster Mesocricetus auratus * 0.12 407 Refinetti and Menaker, 1993; Merck, 2012. When species name was not available from the original source, only the genus is indicated. M, body mass, kg. HR, heart rate, beats per min. a the author did not specify the species name.
b 10°C ambient temperature. c the author did not specify which species of the Loxodonta genus; from body mass and other information it was probably Loxodonta africana. *, species with data for both HR and breathing frequency (Fig. 2) . When species name was not available from the original source, only the genus is indicated. M, body mass, kg. HR, heart rate, beats per min. *, species with data for both HR and breathing frequency (Fig. 2) .
coefficients r, differences between slopes or between sets of data were considered statistically significant at P < 0.05. (aquatic, r = 0.81) and HR=212·M -0.22 (terrestrial, r = 0.90); these relationships did not differ significantly either in slope or intercept. Similarly, the HR allometric curves constructed with only the permanently aquatic species (Sirenia and Cetacea) or with only the semiaquatic species would not be significantly different from the function of the terrestrial species. For comparison purposes the bottom panel shows the previously pub-lished allometric curves of breathing frequency (f, breaths/min) for terrestrial and aquatic mammals (Mortola and Limoges, 2006) . In the case of f, the allometric function of aquatic species differed visibly and significantly from the corresponding function of terrestrial species.
Results
From the allometry of HR and f, the scaling pattern of the HR-f ratio for terrestrial species was HR/f = 4·M 0.031 ; the 0.031 exponent, being close to zero, indicated that the HR/f ratio of 4 was size-independent. In contrast, the function for aquatic species was HR/f = 5.8·M 0.24 ; in this case, the 0.24 exponent was significantly higher than zero and indicated that HR was disproportionately higher than f , the greater the species' M. Individual values of HR/f were computed for those species where there were data for both HR and f (Fig. 2) ; the HR/f of aquatic species averaged 32.2 ±5.5 (n = 21), significantly higher (P < 0.001) than in terrestrial species with HR/f of 5.0 ± 0.8 (n = 27).
Discussion
Most of the extensive literature on cardiovascular adaptation to aquatic life has focused on the response to diving and breath-holding. Here, the primary aim of the current study was HR in resting conditions for the purpose of comparison between aquatic and terrestrial species. The results were unequivocal in showing overlap between the two allometric curves. The inter-specific pattern of HR, therefore, was in sharp contrast to that of the rate of breathing f (Fig. 1) .
Aquatic mammals comprise a heterogeneous group of species with enormous taxonomic diversity and a large range in body masses, functionally and morphologically adapted to permanent or intermittent life in water, with webbed feet, blubber or water-repellent pelts and the possibility of sealing nostrils and ears in the water. Some are excellent breath-holders and divers. The current analysis included 27 aquatic and 56 terres- Symbols are individual species (n = 27 and 21 in terrestrial and aquatic, respectively). Columns indicate group average, bars are 1 SEM. Aquatic species had significantly higher HR/f than terrestrial species (P < 0.001).
trial species of, respectively, 6 and 8 mammalian orders, spanning in M from 9 g to 30 tons. Restriction to only permanently aquatic species or to only semi-aquatic species would not modify the conclusion that HR is indistinguishable from that of terrestrial species. This differs from what previously observed with respect to f . In fact, the scaling exponent of f was consistently lower in aquatic than in terrestrial species for the whole group and for the various subgroups of aquatic and semiaquatic species individually considered (Mortola and Limoges, 2006) .
Buoyancy and the Hering-Breuer reflex
In mammals, buoyancy is increased by the air trapped in the hairs of the coat, the body fat and blubber and the air volume in the lungs; of these, only the latter can be varied and used to regulate buoyancy, not unlike the swim bladder of fish. Fur coats, in first approximation, are proportional to the body surface area; hence, their role in promoting flotation decreases with increasing body mass. Furthermore, many large aquatic mammals (Cetacea, Sirenia, Pinnipeds) have minimal or no fur coat, to decrease the drag. The density of body fat is lower than that of water and approximately the same among species (Fidanza et al., 1953) . The human body has ~14% fat and an air-free density of 1.07 g/ml (Wilmore and Behnke, 1969) . In aquatic mammals, the blubber raises the proportion of body fat up to 30% (Lockyer, 1991) , which lowers the air-free body density to around unity. This means that a lung air volume of just a few percentages of body mass can bring the whole body to neutral buoyancy. Hence, closure of the upper airways at end inspiration or before end-expiration, by raising mean lung volume offers an economical means of regulating buoyancy. Aquatic mammals of medium or large size while resting at the water surface (manatees, orca, dolphins) or on land (seals, sea lions) ventilate the lungs at low rates and, between breaths, maintain lung inflation above the passive volume of the respiratory system (Scholander, 1940; Spencer et al., 1967; Olsen et al., 1968; Kooyman et al., 1973; Gallivan et al., 1986; Castellini et al., 1986; Mortola and Lanthier, 1989) . Whenever lung volume is above its resting state, the sustained increased activity of the pulmonary stretch receptors delays the onset of the next inspiration via the Hering-Bruer reflex, a vagal response widely demonstrated in all mammals (Widdicombe, 1961; Milsom, 1990) , including the Harbor seal (Angell-James et al., 1981) . In conclusion, it seems probable that the low f of aquatic species is a side effect of a breathing pattern meant to control lung volume as a buoyancy mechanism. This breathing pattern was considered to be partly a product of the expression of genetic traits (because it persisted out of water and was manifested in the newborns prior to their first diving experience), and partly a reflex response because it was accentuated by water immersion (Mortola and Limoges, 2006) .
HR-f ratio
In terrestrial mammals, the HF-f ratio is approximately 4 throughout the range of body sizes. At first sight, such constancy could indicate that the HR-f ratio has some important role in preserving the coupling of the cardio-respiratory functions for gas convection. Alternatively, the inter-specific stability of the HR-f ratio could be a consequence of the scaling patterns of pulmonary ventilation E V  and cardiac output ( Q  ) and of their respective stroke (SV) and tidal volumes (V T ). In fact, E V  and Q  share the same inter-species scaling of about M 0.75 while SV and V T are both proportional to M 1 (Peters, 1983) , probably because a pump is more efficient when the volume delivered at each stroke is proportional to its size. It follows that both HR (= Q  /SV) and f ( E V  /V T ) scale inter-specifically approximately as
. Hence, the constancy of the HR-f ratio among terrestrial species may not have a physiological meaning in itself; rather, it could be the consequence of the similar allometric relationships of minute output and stroke volume of the cardiovascular and respiratory systems. This should mean that, as long as Q  and E V  remain tied together for the purpose of gas convection and exchange, the HR-f ratio has room to vary. The mammalian respiratory system, unlike the cardiovascular system, has often evolved as a compromise between gas exchange duties and non-respiratory functions, like water balance, thermoregulation and sound production. In aquatic mammals the role of the lungs for buoyancy is probably a fundamental non-respiratory function, which requires a low-f breathing pattern. Despite the low f, because tidal volume/M is about three times the average terrestrial value (Mortola and Seguin, 2009) and because between breaths mean lung volume is maintained elevated, the values of alveolar ventilation and partial pressure of CO 2 in aquatic species are close to those of the terrestrial species (Mortola and Seguin, 2009) . Hence, the fact that some aquatic species, by using the lungs as a buoyancy mechanism, keep the resting HR-f ratio several times higher than terrestrial species does not in any way compromise gas exchange.
In conclusion, a compilation of published data for many mammals indicates that there is no difference in HR between terrestrial and aquatic or semi-aquatic species. This similarity is in sharp contrast to what had emerged previously from analysis of f, because aquatic mammals of medium or large size when resting at the water surface or ashore breathe more slowly than terrestrial species of comparable body size. It follows that the resting HR-f ratio of aquatic mammals can be much higher than in terrestrial species. The current results are compatible with the interpretation that the low resting f of aquatic species is the outcome of selection for a non-respiratory function of the lungs, that is, the use of lung volume to control buoyancy.
